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Introduction
Preterm birth is typically defined as birth of an infant at < 37 weeks of gestation. In the United States, the prevalence of preterm birth in 2013 was 11.4%, but the prevalence varies depending on the characteristics of the population in question (Martin et al. 2015) . Although the prevalence of preterm birth has been declining since 2006 in the United States (Martin et al. 2015) , it is still increasing in most countries with reliable trend data (Blencowe et al. 2013) . Preterm infants are highly vulnerable to adverse outcomes including infant mortality; complications related to respiratory function, neurodevelopment, behavioral development; and many other sequelae during childhood as well as later in life (Saigal and Doyle 2008) .
The effects of prenatal exposure to environmental factors on adverse birth outcomes including preterm birth have received increasing attention in the literature (Nieuwenhuijsen et al. 2013; Shah et al. 2011) . With worldwide concern regarding global warming and the expected increase in the frequency and severity of extreme weather events (Luber and McGeehin 2008) , health effects of extreme ambient temperature during pregnancy are of great public health interest. The potential association with preterm birth is particularly important given the high prevalence and deleterious consequences.
Although the exact mechanisms remain to be elucidated, the association of temperature extremes with preterm birth is biologically plausible. One potential pathway could be that stress associated with exposure to temperature extremes might trigger early labor (Dreiling et al. 1991; Simčič et al. 2015; Stan et al. 2013 ). Despite biological plausibility, studies on the potential effects of extreme ambient temperature during pregnancy are limited and inconsistent (Carolan-Olah and Frankowska 2014) . These discrepancies are likely related to heterogeneity in study attributes such as design and analysis, geographic location, population, method of exposure assessment, windows of exposure under consideration, and/or method of assessment for preterm birth (Carolan-Olah and Frankowska 2014) . Another issue is related to regional adaptation. It is likely that deviation from the usual environment is what drives temperature-related risk, and populations typically adapt to the usual climatic condition in their region (Guo et al. 2014; Yang et al. 2015) . For example, individuals from cooler regions may experience heat stress at a lower temperature than individuals living in hotter regions. In addition, many existing studies on temperature and preterm birth have been generally more interested in acute effects of heat, leaving the potential effects of cold temperature and that of chronic exposures relatively understudied (Arroyo et al. 2015; Auger et al. 2014; Wang et al. 2013) . Last, few studies have investigated the risk of early delivery associated with temperature during Background: Extreme temperature is associated with adverse birth outcomes but it is unclear whether it increases early delivery risk. oBjectives: We aimed to determine the association between ambient temperature and early delivery. Methods: Medical records from 223,375 singleton deliveries from 12 U.S. sites were linked to local ambient temperature. Exposure to hot (> 90th percentile) or cold (< 10th percentile) using site-specific and window-specific temperature distributions were defined for 3-months preconception, 7-week periods during the first two trimesters, 1 week preceding delivery, and whole pregnancy. Poisson regression with generalized estimating equations calculated the relative risk (RR) and 95% confidence interval for early deliveries associated with hot/cold exposures, adjusting for conception month, humidity, site, sex, maternal demographics, parity, insurance, prepregnancy body mass index, pregnancy complications, and smoking or drinking during pregnancy. Acute temperature associations were estimated separately for warm (May-September) and cold season (October-April) in a case-crossover analysis using conditional logistic regression. results: Compared with mild temperature (10-90th percentile), exposure to hot or cold during weeks 1-7 increased risk for early preterm (< 34 weeks) [ (Basu et al. 2010) .
The objective of this paper was to determine the association between extreme ambient temperature at several potentially critical time windows during pregnancy and early delivery (preterm birth and early term birth) in a contemporary U.S. obstetric cohort. We assessed both temperature extremes (cold and hot) using site-specific distribution of temperature to adjust for regional acclimation. Diseases, codes in the hospital discharge summaries. A detailed description of CSL data and validation studies has been previously published (Zhang et al. 2010) . The study was approved by the institutional review boards of all participating institutions listed in the acknowledgement section. Informed consent was not required because the study was based on anonymous data. After excluding multiple births (n = 5,053), and those without exposure information (had exposure windows occurring before 2001 when exposure assessment period started, n = 10), 223,375 singleton births remained in the study sample.
Methods

Study Population
Exposure Assessment
Hourly temperature data were obtained from the Weather Research and Forecasting (WRF; http://www.wrf-model.org/index. php) model v3.2.1 and were linked based on data collected in the delivery hospital referral region for each woman. A description of the WRF modeling approach and its performance has been previously reported (Zhang et al. 2014) . Due to the anonymity of the CSL data, we were unable to obtain residential addresses for detailed spatial interpolation of exposure. Thus, we used the 15 distinct non-overlapping hospital referral regions (415-312,644 km 2 ) as a proxy for maternal residence and local mobility (e.g., frequent short-range spatial movements related to daily activities such as work, errands).
Despite efforts in understanding the role of environmental exposures on preterm birth, the etiologically critical exposure window for temperature to affect preterm risk is unclear. We explored several windows except for the third trimester because a considerable number of preterm births ended before the third trimester (n = 2,366, 9.1%). Exposures were assessed using average daily temperature over 3 months preconception [91 days before estimated last menstrual period (eLMP)]; weeks 1-7, 8-14, 15-21 and 22-28 ; and the whole pregnancy period (eLMP through date of delivery). eLMP was back-calculated from date of delivery using the best gestational age estimate in delivery records. The 7-week windows for the first two trimesters were chosen because they best captured the change in risk associated with environmental exposures over time in our data (Mendola et al. 2016) . To reflect regional acclimation, we categorized our temperature exposure using local temperature distributions among study participants for each pregnancy window. For each site and separately for each pregnancy window, we created the temperature distribution, then defined exposures based on the following cut-offs: cold (< 10th percentile), hot (> 90th percentile), and mild (10-90th percentile).
To assess acute exposure, we compared the average temperature during the week preceding delivery for each subject with an early delivery with two control periods for the same subject in a case-crossover analysis. The week preceding delivery was designated as the hazard period because literature on acute health effects of ambient temperature on other delivery outcome shows meaningful associations within this time window (Basu et al. 2010; Schifano et al. 2013 ). We used a symmetric bidirectional method to select the control periods: the second week after delivery, and the week 2 weeks before delivery (Bateson and Schwartz 1999) . The temperature difference between a hazard period and control period was expected to be small; therefore, we included temperature as a continuous exposure to retain more information on the temperature change.
Outcome and Covariates
All outcome and covariates information was obtained from electronic medical records and ICD-9 codes in the hospital discharge summaries. The main outcome of this study was early delivery, which was defined using best clinical gestational age in the delivery records. We categorized early deliveries into several mutually exclusive groups (Spong 2013 )-early preterm births (< 34 weeks), late preterm births (34-36 weeks), early term births (37-38 weeks)-and compared them with full-term births (≥ 39 weeks). Covariates included maternal age, race, infant sex, marital status, prepregnancy body mass index (BMI), parity, gestational complications, smoking or alcohol use during pregnancy, insurance status, month of conception, humidity, and study site. We considered calendar year as a potential covariate but it was not related to exposure in our data. Nominal variables where appropriate were dummy coded.
Statistical Analyses
We determined associations between ambient temperature and early delivery using two different methods. First, we employed full cohort analyses with Poisson regression to determine the relative risk (RR) and 95% confidence intervals (CI) of early preterm birth, late preterm birth, and early term birth associated with extreme temperature exposures using the full-term group as reference. This was done by comparing the cold/hot groups with the mild group for different pregnancy windows, adjusting for covariates previously described. A total of 19,210 (8.6%) women had more than one singleton delivery during the study period, so we used robust standard errors from generalized estimating equations to adjust for the clustering effects.
Because the length of pregnancy was different for early deliveries and full-term births, we did not directly compare wholepregnancy exposures. Instead, we compared whole-pregnancy exposure of early deliveries at a given week (range, weeks 23-38) with that of ongoing pregnancies truncated to same length of gestation. For example, wholepregnancy average temperatures for deliveries at week 32 were compared with all ongoing pregnancies using temperature exposures up to week 32. For these analyses, the cut-offs used to define cold/hot extremes were specific to site and the distribution of temperature was based on pregnancies at risk for delivery each week (i.e., deliveries before the index week of the analysis were not included). Fitting regression models stratified by week of delivery is similar to a pregnancy-at-risk approach. The risk estimate can be interpreted as the risk of delivery during a given week associated with whole-pregnancy exposures up to that week.
Second, we conducted a case-crossover analysis to examine the acute association between exposure during the week preceding delivery and early delivery. This design allowed us to control for observed or unobserved subject-level characteristics by comparing a hazard period with alternate control periods, where each woman served as her own control. Conditional logistic regression with robust standard error was used to estimate the odds of early delivery for each 5°F increase in temperature after adjustment for relative humidity. Analyses were stratified for early deliveries during warm (May-September) and cold (October-April) seasons. We restricted this analysis to only the first early delivery case for each woman in the cohort (87,832 of 92,710 total early delivery cases, or 41.5% of the whole cohort).
Sensitivity Analyses
We performed several sensitivity analyses to ensure the robustness of our findings. These analyses involved a) restricting analyses to only spontaneous preterm births; b) additionally adjusting for exposures to two common air pollutants during the same window: ozone and particulate matter with diameter < 2.5 μm, which were estimated using modified Community Multiscale Air Quality models based on emissions, meteorology, photochemical properties of pollutants, and population density, and fused to monitor data using inverse distance weighting ; and c) restricting analyses to nulliparous women to ensure no residual confounding by previous early delivery. We also stratified our analyses by several factors including insurance status (private, nonprivate), site (12 sites), maternal age (< 35, ≥ 35 years), gestational diabetes (yes, no), hypertensive disorders of pregnancy (yes, no), and maternal obesity (yes, no). Table 1 describes the characteristics of the study participants by early delivery status. Among the 223,375 singleton births included in the study, 8,767 (3.9%) were early preterm, 17,363 (7.8%) were late preterm, 66,580 (29.8%) were early term, and 130,665 (58.5%) were full term. Early deliveries were more frequent among male infants, mothers who were black, < 20 or > 35 years of age, not married, smoked or consumed alcohol during pregnancy, had pregnancy complications, had public insurance, or conceived during the winter months. Early deliveries were also less frequent among women who were normal weight. Table S1 describes the distribution of temperature categories by pregnancy windows and early delivery status. The site-specific absolute temperature distributions that were used to define hot/cold/mild exposure categories are also reported by site and pregnancy windows in Table S2 . The temperature cut-off used to define cold during each pregnancy window was much lower in colder areas than in warmer areas. For example, cold during the pre-pregnancy period was defined as < 27.4°F in Massachusetts (Baystate Medical Center) but < 70.1°F in Florida (University of Miami).
Results
Unadjusted and adjusted associations between extreme ambient temperatures and early deliveries were similar, so we presented the adjusted associations in Figure 2 and Table S3 . After adjustment for covariates, compared with mild temperature, cold exposures during weeks 1-7 were associated with a 20% (95% CI: 11%, 30%), 9% (95% CI: 4%, 15%), and 3% (95% CI: 0%, 5%) higher risk of being early preterm, late preterm, and early term, respectively. However, exposures during preconception and other prenatal windows appeared to be inversely associated with early delivery risk.
Hot exposures during weeks 1-7 were associated with an 11% (95% CI: 1%, 21%), and 4% (95% CI: 2%, 7%) increased risk of early preterm and early term, respectively. Similar findings were also observed for hot exposures during weeks 15-21 with an increased risk of 18% for early preterm (95% CI: 7%, 29%) and late preterm (95% CI: 11%, 27%), and 4% (95% CI: 1%, 7%) for early term births (Figure 2 ; see also Table S3 ). Hot exposures during the preconception period were associated with a 9% (95% CI: 2%, 16%) increased risk of late preterm birth; and exposures during weeks 8-14 increased the risk of early term birth by 4% (95% CI: 1%, 7%). No significant associations were observed for any other window-outcome combination. When volume 125 | number 3 | March 2017 • Environmental Health Perspectives restricting the analysis to only spontaneous preterm births, the results remained consistent (see Table S4 ). When stratified by study site, the results were also generally consistent but confidence intervals became wider due to the lower sample size at each site (see Table S5 ). For example, in Massachusetts (Baystate Medical Center), the extreme hot cut-off for weeks 1-7 exposure was relatively low compared with other areas (67.4°F), but we still observed a 37% increase in risk of very preterm delivery (RR = 1.37; 95% CI: 0.98, 1.92). In some sites and exposure windows, the relationships were not consistent. For example, in Miami, where the cold cut-off was relatively high (69.9°F), the main effect of extreme cold at weeks 1-7 was lower than in the overall sample (see Table S5 ). Other sensitivity analyses also showed consistent findings (not shown). Figure 3 describes the associations between whole-pregnancy exposures to extreme temperatures and early delivery. The risk estimates are also presented in Table S6 . Whole-pregnancy averages were truncated for ongoing pregnancies up to a given week. In general, chronic exposures to hot extreme during the whole pregnancy up to the week of delivery were positively associated with early deliveries at weeks 34 and 36 to 38, whereas cold exposures were inversely associated with risk at weeks 37 and 38. No association was observed for any other weeks. Our case-crossover analysis included a total of 87,832 first births that were delivered before 39 weeks of gestation. Results suggested a 12% to 16% increase in the odds of early delivery for 5°F increase (~ 2.8°C) in ambient temperature during the week preceding delivery in the warm season (Table 2) . During the cold season, 5°F increase in ambient temperature during the week preceding delivery was associated with 4-5% decrease in risk, suggesting potential adverse effect with colder temperature.
Discussion
In this large multicenter cohort, exposures to both temperature extremes during early pregnancy (weeks 1-7) appeared to have a positive association with early preterm birth and early term birth, whereas only cold temperature had positive association with late preterm birth during this window. Hot temperature relative to usual environment also had positive associations with early delivery during various other windows during first two trimesters, whereas cold temperature had inverse associations. Acute exposures to both low and high temperature during the week preceding delivery increased the risk of early delivery during the cold and warm season, respectively. Examining deliveries at each week from week 23 through 38, we also found significant association between chronic whole-pregnancy hot (positive) and cold (inverse) exposures and risk of early delivery. Together, these results suggest that extreme ambient temperature may have early, acute, as well as chronic effects on early delivery.
The observed risks associated with both cold and hot exposure during weeks 1-7 are novel. Early pregnancy is generally a sensitive period to environmental hazards, and the developing fetus is highly susceptible to the oxidative stress and inflammatory effects that can be induced by heat/cold stress (Dreiling et al. 1991; Simčič et al. 2015) . These responses can disturb trophoblast invasion, the pituitary-adrenocortico-placental system, and uterine blood flow, all of which may ultimately lead to preterm birth (Al-Gubory et al. 2010) . The early association with temperature suggests that there may be an impact on placental development, which is further supported by the consistent findings when restricting to spontaneous preterm births. To address potential confounding across time windows, where women in the "hot" category for an early window might not be "hot" in a later window due to seasonal shifts, we included all shorter pregnancy time windows in a single model and the individual window results remained robust. Because prior research has been generally interested in the effects of recent/acute exposures on preterm birth, early pregnancy effects were rarely investigated. However, our findings suggested that this window is potentially important and warrants further investigation. Contrary to our findings, a cohort study in Germany investigated temperature during first month and first trimester but found no evidence of an association with preterm birth (Wolf and Armstrong 2012) . The discrepancy in findings may be partially explained by the larger geographical coverage and greater temperature range in our study. In addition, the referenced study was ecologic in nature and the authors were unable to adjust for many important confounders such as maternal race, gestational complications, prepregnancy BMI, and smoking/ drinking during pregnancy. Our study also had a different reference group (≥ 39 weeks) compared with the referenced study, which used births ≥ 37 weeks according to the classic definition of preterm birth (WHO 2015) .
Chronic whole-pregnancy effects have also received little attention (Carolan-Olah and Frankowska 2014; Strand et al. 2011 ). Our study is among the few in the United Figure 2 . Adjusted relative risk of preterm birth associated with extreme ambient temperature by pregnancy windows. Models were adjusted for all covariates in Table 1 , humidity, and study site. *Statistical significance at alpha < 0.05. States to observe whole-pregnancy effects of temperature on early delivery. Kloog et al. examined whole-pregnancy average ambient temperature and preterm births in Boston, Massachusetts, and found that an inter quartile (2.7°C) increase was associated with a 2% increase (95% CI: 0, 5%) in odds (Kloog et al. 2015) . Our findings are also consistent with studies from other parts of the world. For example, studies from Uppsala, Sweden, and Guangzhou, China, reported significant associations between whole-pregnancy exposures to both temperature extremes and preterm birth (Bruckner et al. 2014; He et al. 2016) . We found significant associations only for deliveries in later weeks. This may be attributable to lack of power because the number of early delivery cases in earlier weeks was much smaller. Nevertheless, the present findings may suggest that chronic stress potentially induced by higher temperature relative to usual environment may have important implications for pregnant women.
The acute associations observed in our case-crossover analysis were consistent with that from existing studies. We are aware of one case-crossover study among California births from 1999 through 2006, which showed that a 10°F increase in temperature during the week preceding delivery was associated with an 8.6% higher risk (Basu et al. 2010) . Other studies around the world using different study designs also reported similar acute associations with exposure during the week preceding delivery (Arroyo et al. 2015; Auger et al. 2014; Schifano et al. 2013; Wang et al. 2013) . Although cold exposure has received relatively less attention, a recent study by He et al. (2016) found that extreme cold, defined by the first percentile (< 7.6°C), during the 4 weeks before delivery was associated with approximately 18% increase in risk of premature birth in Guangzhou, China. These authors also found that the association was stronger for earlier preterm births, an observation also consistent with our results in the cohort analysis.
The reason for the inconsistent association between cold and early deliveries across pregnancy windows is unclear. However, it might be explained by that fact that people are more likely to change their behavior in response to cold temperature compared with warm temperature. A survey of four large U.S. cities suggested that most participants reported they merely avoided the outdoors despite 90% coverage of heat warning, and over a third of them reported energy cost was an issue for air conditioning use (Sheridan 2007) . Similarly, pregnant women may be more likely to use a heater during cold season than air conditioning during warm season, which may partially explain the consistent association between hot temperature and early delivery, but the lack thereof for cold.
According to the National Oceanic and Atmospheric Administration, global temperature has been increasing since the beginning of the 20th century, and the rate of increase has become faster during the last few decades, making 2015 the hottest year on record (NOAA 2011). On the same note, average temperature in the United States has increased > 2°F (> 1°C) over the past 50 years, and it is projected to further increase (Karl et al. 2009 ). This means that the frequency, duration, and severity of extreme heat events will increase while temperature distribution shifts to the right. If each 5°F increase is associated with a 12-16% increase in risk of early delivery in the warm season, the public health impact is significant given that exposure to ambient temperature is ubiquitous.
This study has some limitations. Approximately 10-30% of women may have relocated during pregnancy (Bell and Belanger 2012) . The lack of data on residential history led us to assume that our participants lived and spent time within their hospital referral region. The averaging of temperature across referral regions likely resulted in reduced spatial variation, which may have lowered our power to detect a difference but it is unlikely to explain the significant associations we observed. Further, according to a review of 14 relevant studies, women who relocate during pregnancy typically move within < 10 km (Bell and Belanger 2012) suggesting the use of hospital referral region as a proxy for residence and local mobility may not have seriously affected our findings. One may argue that with a large sample size, our study may be subject to significant findings for small effect size. However, high temperature exposure is ubiquitous, when these results are projected onto large populations, they can have important public health implications. Some babies were born before 28 weeks (n = 2,366); therefore, their exposure for weeks 22-28 was averaged for only the weeks in that period before delivery, which could increase the variability in their measurement. Although we adjusted for month of conception and humidity in the main analyses, as well as air pollution in a sensitivity analysis, it is possible that the effects of other seasonally Figure 3 . Adjusted relative risk of early delivery associated with average whole-pregnancy cold (A) and hot (B) by week of delivery. Whole-pregnancy exposure of deliveries during each week was compared with whole-pregnancy exposure truncated up to that week for ongoing pregnancies. Models were adjusted for all covariates in Table 1 , humidity, and study site. *Statistical significance at alpha < 0.05. varying risk factors such as influenza infection might remain. However, a recent review (Carolan-Olah and Frankowska 2014) suggests that the relationship between season and preterm birth is unclear, with several studies supporting an increased prevalence in each season. Last, we caution readers that "cold" and "hot" in the chronic exposure windows studied are not universal and refer to the relative temperature extremes in each local area. The study has several important strengths. The use of site-specific temperature distributions to define extreme temperatures allowed us to account for regional acclimation, a critical concept often overlooked. Meanwhile, specific absolute temperature differences in risk were evaluated using a case-crossover model, which allowed us to adjust for timeinvariant confounders. The Eunice Kennedy Shriver National Institute of Child Health and Human Development has recommended that special attention should be given to early term births because these infants are also at risk for poor outcomes compared with full-term births (Spong 2013) . Although most existing studies typically ignored this group by defining preterm birth at the cut-off of 37 weeks, we are among the first to report increased risk associated with ambient temperature for early term births (Auger et al. 2014 ). In addition, our study included a large sample size across the United States, which contributes to high generalizability. Last, the consistent findings from multiple sensitivity analyses ensured that our results were robust. Even with some variation, the site-specific findings tend to be consistent with our overall findings that extreme ambient temperature relative to usual environment is important. In addition, we were able to incorporate air pollutant exposures in each pregnancy window to address potential confounding by other ambient exposures.
Conclusion
In this large U.S. obstetric cohort, we found evidence suggesting that exposures to extreme temperatures during early pregnancy (weeks 1-7) and during the week preceding delivery may be associated with higher risk of early delivery. In addition, chronic w holepregnancy exposure to hot temperature may also increase the risk for delivery between weeks 34 and 38. Given the recent increase in population risk factors for preterm birth (e.g., maternal age, obesity, gestational complications) and the world-wide concerns related to global warming, our findings highlight the need for awareness among health professionals, policy makers, and women of reproductive age; effective intervention to minimize exposure of pregnant women to extreme temperature; and more research effort on the potential effects of extreme temperatures on adverse birth outcomes.
